cally useful penetration depth -demonstrated moderate correlations (r = -0.69, p < 0.003; r = 0.5, p = 0.14; and r = 0.56, p < 0.03, respectively). However, axial resolution versus tissue texture variation, slice thickness versus overall clinical image quality and contrast resolution versus clinically useful dynamic range demonstrated poor correlations. The majority of the colour Doppler performance parameters were found to demonstrate moderate correlations: sensitivity performance index and clinical Doppler sensitivity (r = 0.52, p < 0.07); axial/lateral resolution and clinical colour Doppler resolution (r = -0.64, p = 0.02/-0.55, p = 0.05); and temporal resolution and clinical temporal resolution (r = -0.59, although not statistically significant p = 0.4). The poor correlations for axial resolution slice thickness and contrast resolution suggest that some revision of the test protocols may be required or that these quantities are not as important as previously thought in image quality. Whereas, the test protocols for anechoic target detection, penetration depth and, in particular, lateral resolution appear promising in their prediction of clinical perception of image quality. The newly developed colour Doppler test protocols and test objects also appear promising in their prediction of clinical perception and merit further investigation.
Introduction
There are currently in existence a number of technical performance protocols recommended by various professional bodies. [1] [2] [3] However, it has become evident that these performance tests fall short of adequately testing state of the art ultrasound scanners as they have not been able to detect deterioration in the scanners' performance, as reported by the operators. [4] [5] [6] Furthermore, there has been mounting evidence that current performance tests and test object results do not reflect perceived clinical performance of ultrasound scanners. 7, 8 The study conducted by the Common Services Agency evaluated cardiac scanners by scanning patients with known heart defects. However they did not compare individual parameters of image quality. 7 The study conducted by Metcalfe et al. evaluated abdominal scanners by scanning one healthy volunteer and then compared the individual image quality parameters. 8 A correlation was found for the former study, whereas none was found for the latter study. For test procedures and test devices to successfully evaluate the performance of B-mode and colour/power Doppler imaging, they should be able to differentiate scanners of varying complexity and the results should be reflective of the clinical perception of the scanners' performance. In this paper, the efficacy of current and newly developed B-mode, and colour Doppler test protocols and phantoms was evaluated by investigating the correlation between these in vitro test results and the results obtained from a clinical study evaluating the B-mode and Doppler in vivo test parameters on a range of ultrasound scanners of varying complexity.
Methods

Subjective image assessment: clinical study
All B-mode images and colour Doppler cine-loops were acquired by the same experienced operator from one healthy female volunteer with an average amount of body fat. The abdomen was chosen as the anatomical site of interest for this clinical study for two main reasons. First, most of the technological advancements have been applied to abdominal imaging (e.g. tissue harmonic imaging, compound imaging and broadband Doppler imaging). Secondly, abdominal imaging presents the majority of challenges and problems associated with ultrasonic imaging, all concentrated into one imaging procedure. Beam distortion, phase aberrations, clutter from slow moving tissue around deep, small vessels with slow flow and vessels situated close together are problems typically encountered in abdominal imaging. When scanning the liver or kidney, for example, the ultrasound pulse must first pass through a number of layers of fat and tissue, thereby undergoing distortion and attenuation. Furthermore, the liver and kidney have deep veins and arteries, while the kidney has small closely-spaced vessels. The study was given ethics permission from the North Glasgow University Hospitals NHS Trust. The volunteer read and signed an informed consent form after the methods of the study had been verbally explained. The scanning protocol used in this study was a standard imaging protocol normally used to obtain ultrasound images of the right lobe of the liver and the right kidney within the same image plane. 9, 10 The B-mode and colour Doppler acquisition parameters were optimized in order to obtain the best images and cine loops from the different modes on each of the ultrasound scanners. The first image and cine loop obtained was used as a reference and the operator was asked to replicate that anatomical site as closely as possible on all subsequent scans. The different B-mode techniques available for each ultrasound scanner were also assessed. The colour Doppler cine loops were between 30 and 60 s in duration. The healthy female volunteer was scanned using all the scanners assessed. The B-mode images were captured using a video frame grabber (VideoPort TM , MRT, Germany), whereas the colour and power Doppler cine loops were recorded using an S-VHS video recorder (SVO-9500MDP, Sony, USA). The images and the cine loops were graded by the operator during acquisition using the image quality parameters discussed above. The operator also graded the B-mode images and Doppler cine loops 2 weeks after all the clinical data had been collected in order to determine how viewing the images off-line affected the grades given. The frame grabber was calibrated using the SMPTE 11 calibration procedure. The video-recorder was used in routine clinical service to record ultrasound scans and was not calibrated. A total of nine ultrasound scanners of varying age and complexity were used in the clinical study (Table 1) .
Ultrasound Scanners
Nine ultrasound scanners were assessed in terms of B-mode techniques, while only seven of the ultrasound scanners were assessed in terms of colour and power Doppler. The different B-mode techniques available on each ultrasound scanner were also assessed. A summary of the probes used and the modes tested for each of the ultrasound scanners is presented in Table 1 . The ultrasound scanners were chosen to represent a cross-section of scanners, ranging from about 10 years to just a few months in age, as well as varying greatly in complexity (Table 1) .
A total of 17 static B-mode images and 14 cine loops were presented to each of the 23 participants (five sonographers and 18 radiologists), the range of experience of the participants was between 2 and 26 years. A questionnaire was given, in which the participants were asked to rate the images in terms of the B-mode and colour/power Doppler image quality parameters as outlined below. The participants were asked to grade the images and cine loops on a scale of poor (1) to very good (5) for each of the image quality parameters. The questionnaire consisted of four sections requesting information regarding:
• the number of years experience of ultrasound imaging;
• the model of ultrasound scanner they most frequently use;
• their assessment of the images presented;
• other comments.
The participants were randomly divided into two groups: one group was presented with the images and cine loops in one random sequence, while the second group was presented with them in a different random sequence. This was done in order to remove any bias deriving from the order in which images and cine loops were seen. A duplicate of one of the images was included in the selection of images presented to the participants as a control measure to determine the intra-observer variability. Furthermore, one participant graded the images on two different occasions, 2 weeks apart, in order to determine the intra-observer variability over time. The B-mode images were all the same size (700 × 500 × 256) and were presented in a PowerPoint (Microsoft, USA) presentation slide show, while the cine loops were all displayed using the same monitor and video-recorder, and thus all of the B-mode images and cine loops were presented under the same conditions. The viewing conditions were similar to normal viewing room conditions and were kept very similar for each of the participants.
The in vivo image quality parameters listed below were selected following discussion with a number of experienced ultrasound operators and with reference to the literature. 2, 7, 8 No attempt was made to define these clinical parameters to each of the participants, as it was important to determine whether the same definitions for these image quality parameters are universally accepted among ultrasound operators. The scanners and images were assessed in terms of the following categories for B-mode Image Quality.
Overall image quality
Overall image quality was assessed to determine the participants' general impression of the image. The participants were asked to grade the images on a scale of poor (1) to very good (5) for overall image quality. This was used as the baseline category to determine if the image was considered 'very good' (score of 5) or 'poor' (score of 1); the subsequent parameters were used to explore the basis for this judgement. The range of grades given to the ultrasound scanners for each of the image quality parameters were found to be consistent, less than one standard deviation (SD = 0.7), on a scoring scale ranging from one to five, indicating that the scoring scale chosen was appropriate.
Visualization of variances in tissue texture
This image quality parameter is representative of the quality of fine detail between the tissue texture within the liver and the participants were asked to grade the images for visualization of variances in tissue texture.
Clinical resolution
Clinical resolution is a measure of the ability to visualize fine detail and small structures, and the participants were asked to grade the images for clinical resolution.
Clinical dynamic range
Clinical dynamic range is a measure of the range of signal magnitudes or signal-to-noise ratio, S/N (low signal magnitudelimited by the noise of the system and high signal magnitudelimited by the system saturation point) that can be handled by the ultrasound scanners and is important in differentiating structures of variable contrast. It must thus be important for diagnosis of tissue pathology. The participants were asked to grade the images for clinical dynamic range.
Clinical penetration depth
Clinical penetration depth is the deepest point in the ultrasound image from which meaningful information could be obtained and the participants were asked to grade the images for clinical penetration depth.
Clinical noise
Clinical noise is the electronic noise and the speckle pattern of the image from the ultrasound scanner and the participants were asked to grade the images for clinical noise.
The scanners and images were assessed in terms of the following categories for Colour Doppler Image Quality.
Overall image quality
As with B-mode, the overall image quality was used to determine the participants' general impression of the image. This was used as the baseline category to determine if the image was considered 'very good' (score of 5) or 'poor' (score of 1); the subsequent parameters were used to explore the basis for this judgement. The range of grades given to the ultrasound scanners for each of the image quality parameters were found to be consistent, less than one standard deviation (SD = 0.73), on a scoring scale ranging from 1 to 5, therefore, indicating that the scoring scale chosen was appropriate.
Clinical temporal resolution
Clinical temporal resolution is a measure of the ultrasound scanners' ability to respond to changes in flow patterns and to display the vessel filling at a physiological rate. It was determined by the participants observing the rate at which the ultrasound scanner displayed the kidneys filling and the participants were asked to grade the cine loops for colour Doppler temporal resolution.
Clinical Doppler spatial resolution
Clinical spatial resolution is the ability to visualize small vessels and the participants were asked to grade the cine loops for colour Doppler spatial resolution.
Clinical sensitivity/clinical penetration depth
Sensitivity or clinical penetration depth is the deepest point in the colour/power Doppler image from which a signal could be obtained and the participants were asked to grade the cine loops for colour Doppler penetration depth.
Clutter suppression performance
Clutter can be caused by vessel wall, tissue movement, patient breathing or probe movement, and is suppressed by the clutter filters. The amount of clutter present in the cine-loop is representative of the clutter filter's performance and the tissue-blood discriminator performance, and the participants were asked to grade the cine loops for colour Doppler clutter suppression performance.
Objective image quality assessment
The B-mode in vitro test parameters evaluated using the Model 403 general purpose test object (Gammex RMI, Nottingham) and an automated image analysis program 12 were: axial resolution, lateral resolution, slice thickness, anechoic target detection, contrast resolution and penetration depth. Of the in vitro parameters measured, it was hypothesized following discussions with a number of experienced ultrasound operators and with reference to the literature, 7,8 that the following correlations might be expected with the in vivo parameters.
Axial resolution versus tissue texture variation
Axial resolution may be defined as the image of a point source in the axial direction, and a full characterization of this parameter can be given as either the point spread function (PSF) or the spatial frequency response (modulation transfer function MTF), and it describes the scanner's ability to detect and clearly display closely-spaced objects that lie along the beam's axis.
Lateral resolution versus clinical resolution
Lateral resolution may be defined as the image of a point source in the lateral direction and a full characterization of this parameter can be given as either the point spread function (PSF) or the spatial frequency response (modulation transfer function MTF). Lateral resolution describes the scanner's ability to distinguish structures that are closely positioned within the image plane along a line perpendicular to the beam's major axis.
Slice thickness versus overall image quality
Slice thickness may be defined as the image of a point source in the elevation direction and a full characterization of this parameter can be given as either the point spread function (PSF) or the spatial frequency response (modulation transfer function MTF). Slice thickness or elevation focus describes the scanner's out-of-plane focus.
Anechoic target detection (sensitivity) versus clinical noise
The anechoic target imaging test examines the scanner's ability to detect and accurately display round, negative contrast objects of various sizes at different depths within the test object.
Contrast resolution versus clinical dynamic range
Contrast resolution is the scanner's contrast dynamic range, and gives an indication of the low and high contrast resolution achievable by the system. It was evaluated by determining the contrast resolution of four targets of varying backscatter levels (-12, -6, 6 and 12 dB). 6 
Penetration depth versus clinical penetration depth
Penetration depth is the point at which the weakest echo signal level can be detected and clearly displayed.
The axial resolution, lateral resolution and slice thickness results at a depth of 60 mm (elevation focus) for each scanner and imaging mode were measured and correlated with their respective in vivo scores (tissue texture variation, resolution and overall image quality, respectively). The in vitro contrast range was determined from the difference between the +12 dB and the -12 dB target backscatter ratios, and then correlated with its corresponding in vivo test parameter.
The in vitro colour Doppler test parameters evaluated using the newly developed test procedures and test objects 13 were: axial resolution, lateral resolution, sensitivity, temporal resolution and tissue movement suppression performance. Of the in vitro parameters measured, it was suggested that the following correlations might be expected with the in vivo parameters.
Axial resolution versus clinical Doppler spatial resolution
Axial resolution is the minimum separation in space in the axial direction for which two separate point or line targets can be resolved. It describes the scanner's ability to distinguish vessels that are closely positioned along the beam's axis.
Lateral resolution versus clinical Doppler spatial resolution
Lateral resolution is the minimum separation in space in the lateral direction for which two separate point or line targets can be resolved. It describes the scanner's ability to distinguish vessels that are closely positioned within the image plane along a line perpendicular to the beam's major axis.
Sensitivity versus Doppler sensitivity/overall image quality
Sensitivity is the minimum signal strength (from different diameter vessels and from different depths) that the lowest detectable velocity can be detected unambiguously. It describes the scanner's ability to distinguish low velocity flow (1-10 cm/s) in small diameter vessels (5-1 mm) at depth.
Temporal resolution versus clinical temporal resolution
Temporal resolution is the minimum separation in time for which two separate events can be identified.
Tissue movement suppression performance versus clutter filter performance
Tissue movement suppression performance is the ability of the tissue suppression algorithm and the clutter filters to remove strong signals from slowly moving tissue, while still preserving the low velocity content of the colour flow signal.
The axial and lateral resolution, sensitivity performance and temporal resolution for each scanner and imaging mode under test were determined and the results were correlated against the in vivo score for spatial resolution, sensitivity (overall image quality) and temporal resolution, respectively. The tissue movement performance score was correlated against the in vivo score for clutter filter performance (noise).
Results
B-mode in vivo image quality performance
The average differences between the grades given to the B-mode real-time images and the off-line images of the image quality parameters by the operator had an average standard deviation of less than ±0.66 of a grade level.
The influence of the number of years experience on the grades given to the image quality parameters for each of the ultrasound scanners was investigated and it was found that there was no relationship between the two (r = 0.004, p = 0.6).
The grades given to the duplicate images within the same grading session by each of the participants were analysed using the analysis of variance (ANOVA) test and it was found that for a significance level of p < 0.001, the sets of grades were not significantly different (p = 0.57). The intra-observer variability of one of the participants between two separate grading sessions over 2 weeks was found to be good, with a standard deviation of ±0.4 of a grade level; in all cases, the images were given the same grade or within one grade of the previous grading session. These results indicate a high level of grading consistency for ultrasound operators within a grading session and over time.
The inter-observer variability was found to be relatively consistent, demonstrating a standard deviation of ±0.7 of a grade level (grading SE = ±0.14). This standard error (SE = ±0.14) was very similar to that found by Metcalfe and Evans (SE = ±0.12) in a similar study of the relationship between quality assurance image quality parameters and subjective operator image assessment. 8 It was found that the resolution had the largest contribution to the overall image quality, with a correlation coefficient r = 0.79. The tissue texture (r = 0.64), the noise level (r = 0.64) and the dynamic range (r = 0.6) were all found to have a strong correlation with the overall image quality, while the penetration depth (r = 0.49) only had a moderate correlation with the overall image quality.
The correlation coefficient found between the commonly used in vitro B-mode test parameters and the corresponding in vivo test parameters are presented in Table 2 . It was found that the scores for the B-mode and the THI in vivo image quality test parameters were not statistically different, which was an unexpected result and may have been due to the average body habitus of the healthy volunteer. Therefore, the correlation between the different B-mode in vivo and in vitro parameters was investigated without the scores of the THI modes of the different scanners. The correlation between the in vitro results and the in vivo scores improved marginally when the THI scores were removed.
Colour/power Doppler in vivo image quality performance
The average differences between the grades given to the colour/power Doppler real-time images and the off-line cineloops of the image quality parameters by the operator had an average standard deviation of less than ±0.76 of a grade level. This demonstrated that the colour/power cine loops presented to the participants gave a good representation of the scanners' image quality. However, the grades for these cine loops demonstrated more variability between the real-time images and the off-line images than for the B-mode images, which may be due to the limited length of the cine-loops (30-60 seconds).
As with B-mode, the number of years of ultrasound experience of the participants had no effect on the grades awarded (r = 0.003).
The grades given to the duplicate cine clips within the same grading session by each of the participants were analysed using the analysis of variance (ANOVA) test and it was found that for a significance level of p < 0.001, the sets of grades were not significantly different (p = 0.49). It was found that the intra-observer variability for two separate grading sessions over 2 weeks demonstrated very little variance with a standard deviation of less than ±0.4 of a grade level. These results indicate an acceptable grading consistency for ultrasound operators within a grading session and over time.
The inter-observer variability for colour/power Doppler was also found to demonstrate good consistency of responses, with a standard deviation of less than te ±0.73 of a grade level (SE = ± 0.15).
To determine the most important contribution to the overall image quality of colour and power Doppler imaging of an ultrasound scanner, scatter plots of the grades for overall image quality were plotted against the individual image quality parameters. It was found that the temporal and spatial resolutions had the largest contribution to the overall image quality, with coefficients of correlation r = 0.78 and 0.79, respectively. The clutter filter performance (r = 0.75) and the velocity resolution (r = 0.56) were both also found to have a strong correlation with overall image quality, while the sensitivity performance (r = 0.54) only had a moderate correlation with overall image quality.
The correlation coefficient found between the commonly used in vitro Colour Doppler test parameters and the corresponding in vivo test parameters are presented in Table 3 .
Discussion
In this paper, comparisons were made between commonly used and newly developed in vitro B-mode and Doppler test parameters, and their corresponding in vivo parameters assessed as part of the clinical evaluation. It was found that the in vitro B-mode test parameters axial resolution, slice thickness and contrast resolution all had poor correlations with the corresponding in vivo test parameters. It is possible that the interpretation of these corresponding B-mode in vivo test parameters was not the same for all observers, although the relative similarity that was observed between observers, which had a standard error ≅ 0.14, suggested that this is not the case. The scores for the in vivo image quality test parameters found no difference between the image quality of B-mode and tissue harmonic imaging modes, which was an unexpected result and may have been due to the average body habitus of the healthy volunteer. It appears from the literature and from communications with ultrasound operators that body habitus may affect the diagnosis of tumours and masses due to limited field of view and degraded image quality. [14] [15] [16] The degree of image degradation that occurs for different amounts of body fat is not known; furthermore, men and women deposit fat in different ways, usually around the organs in men, whereas women have more fat deposited in layers next to the skin around the abdomen. Therefore, the correlation between the different B-mode in vivo and in vitro parameters was also investigated without the scores of the THI modes of the different scanners. The correlation between the in vitro results and the in vivo scores improved marginally when the THI scores were removed. It was expected that axial resolution would be strongly correlated with tissue texture variances, as this is often considered to be a measure of fine speckle pattern, which in turn tends to be associated with fine detail and good resolution. 17 However, no correlation was found between these two parameters with or without the THI results included. The in vitro axial resolution results did not appear to be representative of the scanners' complexity (r = 0.002), whereas the in vivo scores for tissue Table 2 
. Summary of the correlation coefficients between the B-mode in vitro parameters and in vivo parameters
In vitro parameter In vivo parameter Correlation coefficient,r (p value) Correlation coefficient, r without THI values (p value)
Axial resolution (mm) Tissue texture variance r = 0.003 (NSS, p = 0.99) r = 0.002 (NSS, p = 0.99) Lateral resolution (mm) Resolution r = -0.69 (SS, p = 0.003) r = -0.93 (SS, p = 0.0001) Slice thickness (mm)
Overall image quality r = -0.13 (NSS, p = 0.62) r = -0.21 (NSS, p = 0.56) Sensitivity
Noise r = 0.66 (SS, p = 0.005) r = 0.5 (NSS, p = 0.14) Contrast resolution Dynamic range r = 0.45 (SS, p = 0.008) r = 0.69 (SS, p = 0.003) Penetration depth (mm) Penetration depth r = 0.56 (SS, p = 0.003) r = 0.53 (SS, p = 0.09) NSS, not statistically significant; SS, statistically significant. Temporal resolution Temporal resolution r = 0.16 (second) (NSS, p = 0.79) Spatial resolution
Resolution r = -0.55 (lateral, mm) (SS, p = 0.05) Spatial resolution
Overall image quality r = -0.64 (axial, mm) (NSS, p = 0.02) Sensitivity
Clinical sensitivity r = 0.52 (SS, p = 0.07) Clutter
Clinical clutter r = -0.47 (NSS, p = 0.15) NSS, not statistically significant; SS, statistically significant.
texture were representative of the scanners' complexity. This suggests that the test method recommended by the different professional bodies may not have been suitable, [1] [2] [3] or indeed that this test parameter may not be a useful indicator of scanner performance. In order to determine which may be the case, it is suggested that axial resolution should be determined using alternative test objects and that, in a future study, the efficacy of the axial resolution determined using these alternative test objects should be investigated. Examples of alternative test objects that could be used to measure axial resolution are a point target, such as a ball bearing in speed of sound corrected water or TMM, 18 or an anechoic target TMM phantom. 19 The relationship between axial resolution and perception of speckle and resolution cell volume may also warrant investigation in this area as good resolution tends to be associated with a fine speckle pattern. 17 It was found that lateral resolution had a moderate negative correlation with clinical perception of resolution; however, it was expected that a stronger correlation than that measured would exist. When the in vitro results and the in vivo scores for the THI modes of the different scanners were removed, the correlation between lateral resolution and clinical perception of resolution was found to be very significant (r = -0.93). In the clinical study, it was found that the resolution scores had a strong positive correlation (r = 0.79) with overall image quality. Therefore, lateral resolution appears to be an important technical parameter for predicting clinical image quality for abdominal imaging and appears to be a promising quality control (QC) test.
It was further expected that slice thickness would be strongly correlated with overall image quality. It has an impact not only on the overall image quality, but also on the detectability of cyst structures, particularly when they are located in a region of the beam at which the width of the elevation plane is greater than that of the cyst. 20 However, no correlation was found between these two parameters with and without the THI results included. The in vitro slice thickness results did not appear to be representative of the scanners' complexity, suggesting that the method recommended by the different professional bodies may not have been suitable, [1] [2] [3] or that again the test parameter may not be a useful indicator of scanner performance. However, slice thickness has a strong influence on the clinical image quality and the detectability of cysts and, therefore, the use of slice thickness measurement at the fixed depth of 60 mm, instead of the measurement of slice thickness as a function of depth or the method of evaluation are most likely to be the reasons for the poor correlation.
It was found that sensitivity had a moderate positive correlation with clinical perception of noise, with and without the THI results included. The trend demonstrated in the sensitivity results appeared to be representative of the ultrasound scanners' complexity. The clinical noise level performance demonstrated limited differentiation between low-range and mid-range levels of ultrasound scanner's, this was most likely due to the participants grading the noise level from a static image instead of a cine loop. The moderate correlation is suggestive that the test method used to determine B-mode sensitivity appears to be a promising QC test.
It was found that contrast resolution had a slight positive correlation with clinical perception of dynamic range, with and without the THI results included. The ability of a scanner to display a low contrast or high contrast lesion in a tissue background is limited by the noise or the saturation point of the scanner, respectively, and as such the contrast resolution of a scanner may be representative of the dynamic range gradient of the scanner. The trend found in the contrast resolution results did not appear to be very representative of the ultrasound scanners' complexity. The weak correlation found for this parameter is probably due to the fact that dynamic range is just one aspect of the scanners grey-level characteristics and furthermore, the test phantom used for determining this parameter lacked contrast targets of varying size and at varying depths. Therefore, the grey-level transfer curves of the scanner could not be determined, alternatively, the use of a contrastdetail test phantom may yield better correlation between the in vitro and in vivo results. 21 It was found that penetration depth had a moderately positive correlation with clinical perception of penetration depth, with and without the THI results included. The trend found in the penetration depth results did not appear to be very representative of the ultrasound scanners' complexity. Penetration depth is very dependent on the examination type and the probe frequency used, and has been found not to be a major contributing factor to operator assessment. 4 A range of scanners of varying cost and age were evaluated as part of this study and it was found that the cost of the scanner was moderately strongly correlated to clinically perceived B-mode image quality (r = 0.7, p > 0.05), while no correlation was found between age of the scanner and clinically perceived B-mode image quality (r = 0.04). The lack of correlation between the age of the scanner and clinically perceived B-mode image quality was unexpected; however, it may have been influenced by the fact that the majority of the scanners included in the study were less than 1 year old and this had a disproportionate effect on the result.
Overall, it was found that the in vitro Doppler test parameters showed a moderate correlation with the corresponding in vivo test parameters. It was found that axial and lateral colour Doppler resolution both had a moderate negative correlation with clinical perception of spatial resolution, which was expected as it is a commonly held belief that these objective and subjective parameters are linked, due to resolution being considered an important factor in the visualization of small areas of flow. Furthermore, the trend found in the colour Doppler resolution results appeared to be representative of the ultrasound scanners' complexity, indicating that this test may be a promising QC test.
It was expected that temporal resolution would be strongly correlated with the clinical perception of temporal resolution, which is of clinical importance as, flow events within the body change very rapidly, particularly for flow in the heart, therefore, a high frame rate is needed to follow these changes. However, no correlation was found between these parameters. The in vitro temporal resolution results appeared for the most part to be representative of the scanners' complexity, suggesting that this method of evaluation is suitable. It was found that the temporal resolution of the Acuson 128 was very good, although it had a poor temporal resolution clinical score and it is probable that the poor clinical score given for the temporal resolution was strongly influenced by its poor sensitivity and spatial resolution. When the temporal resolution result for the Acuson 128 is removed, there is moderate negative correlation (r = -0.59, p = 0.4) between the two parameters. Consequently, given the limited number for scanners (five ultrasound scanners) tested, the Acuson 128 result invariably had a disproportionate effect on the overall correlation result.
As expected a moderate correlation was found between the in vitro parameter sensitivity performance index and the clinical perception of sensitivity performance, and the in vitro scores for the sensitivity performance indices appeared for the most part to be representative of the scanners' complexity, suggesting that the method of evaluation is suitable. Doppler sensitivity is an important parameter for predicting an ultrasound scanners ability to distinguish between slow flow and no flow -if flow cannot be detected then no other aspect of Doppler performance matters.
It was expected that tissue movement suppression performance would be strongly correlated with the clinical perception of clutter filter performance or noise. However, only a weak correlation was found between these parameters. The in vitro scores for tissue movements suppression performance appeared for the most part to be representative of the scanners' complexity, suggesting that the method of evaluation was suitable however, further work needs to be carried out to optimize the test parameter.
A range of scanners of varying cost and age were evaluated as part of this study and it was found that the cost of the scanner was moderately correlated to clinically perceived Doppler image quality (r = 0.4, p > 0.05) and the age of the scanner was also moderately correlated to the clinically perceived Doppler image quality (r = 0.5, p > 0.05). The reason for a moderately strong correlation existing between age of the scanner and clinically perceived Doppler image quality may be due to the vast technological improvements due to piezoelectric material design, matching layer design and developments in digital electronics that have had a significant effect on the image quality of colour Doppler imaging. 13, 22, 23 This study, which evaluated the efficacy of currently recommended B-mode in vitro test parameters and TMM test phantoms, and newly developed colour/power Doppler in vitro test parameters and test devices, was limited to the evaluation of ultrasound scanners within close proximity to the testing laboratory. Apart from two recently decommissioned scanners, the scanners that were evaluated were in regular clinical use at the time of this study, which limited the amount of clinical data that could be acquired during the study. Any future study should involve the cooperation of ultrasound departments at multiple sites. This would facilitate the use of a larger number of ultrasound scanners spanning a range of different manufacturers, as well as a wider group of observers, ideally with different experiences of ultrasound scanners across a range of manufacturers.
Conclusions
In this paper, it was found that for B-mode imaging, the axial resolution, slice thickness and contrast resolution did not reflect the clinical perception of corresponding in vivo parameters, while lateral resolution, sensitivity and penetration depth demonstrated moderate or greater correlations with the corresponding in vivo parameters, demonstrating that these in vitro performance tests are efficacious and promising QC tests. In the clinical study it was found that the resolution scores had a strong positive correlation (r = 0.79) with the overall image quality scores; therefore, the in vitro parameter, lateral resolution may be an important technical parameter for predicting clinical image quality for abdominal imaging. The poor correlations for axial resolution, slice thickness and contrast resolution tests suggest that new test methods may be needed to evaluate these technical parameters, in addition, to some revision of the test protocols being required. It was found that all of the in vitro colour/power Doppler test parameters demonstrated moderate to strong correlations with the corresponding in vivo parameters, with the exception of tissue movement suppression test therefore, these new test protocols and test objects appear to be efficacious and particularly promising. These results help to provide a better understanding of the influence the individual in vivo parameters have on overall image quality, which could help to define minimum diagnostic criteria for abdominal ultrasound, similar to those used in X-ray for the different clinical applications. 24 However, to gain a more complete impression of the clinical perception of ultrasound scanners' image quality performance would necessitate a more extensive clinical trial. This would ideally incorporate the following:
• a larger number of observers, ideally with different experiences of ultrasound scanners across a range of manufacturers as a bias may exist towards ultrasound scanners manufactured by the manufacturer whose scanner is used within the department; • a larger number of ultrasound scanners from different manufacturers and of varying complexity; • a larger number of healthy volunteers with different types of body habitus.
The findings of this study have implications for quality control testing, since the purpose of QC testing is to monitor changes in performance of the different test parameters of the ultrasound scanner over time before they become noticeable to the user. Therefore, the test parameters that were found not to be reflective of clinical perception for a range of scanners of varying complexity, will most probably not be able to detect subtle changes in the scanners performance over time.
